Lead (Pb) is neurotoxic and children are highly susceptible to this effect, particularly within the context of continuous low-level Pb exposure. A current major challenge is identification of children who may be uniquely susceptible to Pb toxicity because of genetic predisposition. Learning and memory are among the neurobehavioral processes that are most notably affected by Pb exposure, and modification of N-methyl-D-aspartate receptors (NMDAR) that regulate these processes during development are postulated to underlie these adverse effects of Pb. We examined the hypothesis that polymorphic variants of genes encoding glutamate receptor, ionotropic, NMDAR subunits 2A and 2B, GRIN2A and GRIN2B, exacerbate the adverse effects of Pb exposure on these processes in children. Participants were subjects who participated as children in the Casa Pia Dental Amalgam Clinical Trial and for whom baseline blood Pb concentrations and annual neurobehavioral test results over the 7 year course of the clinical trial were available. Genotyping assays were performed for variants of GRIN2A (rs727605 and rs1070503) and GRIN2B (rs7301328 and rs1806201) on biological samples acquired from 330 of the original 507 trial participants. Regression modeling strategies were employed to evaluate the association between genotype status, Pb exposure, and neurobehavioral test outcomes. Numerous significant adverse interaction effects between variants of both GRIN2A and GRIN2B, individually and in combination, and Pb exposure were observed particularly among boys, preferentially within the domains of Learning & Memory and Executive Function. In contrast, very few interaction effects were observed among similarly genotyped girls with comparable Pb exposure. These findings support observations of an essential role of GRIN2A and GRIN2B on developmental processes underlying learning and memory as well as other neurological functions in children and demonstrate, further, modification of Pb effects on these processes by specific variants of both GRIN2A and GRIN2B genes. These observations highlight the importance of genetic factors in defining susceptibility to Pb neurotoxicity and may have important public health implications for future strategies aimed at protecting children and adolescents from potential health risks associated with low-level Pb exposure.
Introduction
Lead (Pb) is a widely disbursed environmental toxicant that adversely affects both central and peripheral nervous systems in humans. Of particular concern are adverse neurobehavioral effects of cumulative, low-level Pb exposure in children and adolescents, in whom impaired cognitive processes including attention, learning and memory, and executive functions are well recognized (Bellinger, 2008; Lanphear et al., 2005; Koller et al., 2004; Skerfving et al., 2015; Toscano and Guilarte, 2005; Weiss, 2000) . Although the mechanisms underlying the adverse effects of Pb exposure on these processes have yet to be fully defined, studies strongly implicate the potent antagonistic properties of Pb on N-methyl-D-aspartate receptor (NMDAR) expression and functions, principally in hippocampal neurons, as mediating these effects (Alkondon et al., 1990; Neal et al., 2011; Wang et al., 2016) .
NMDARs constitute a family of receptors that are differentially expressed throughout the central nervous system (CNS) and that mediate the excitatory actions of glutamate on synapse formation, plasticity, maintenance and function (Adams et al., 2004; Paoletti et al., 2013) . Several subtypes of NMDARs have been identified, each comprised of at least one NR1 (GluN1) subunit, which is required for structural assembly and expression of distinct NMDAR complexes, and one or more of four accessory subunits, NR2A (GluN2) through NR2D (GluN4), which control ion channel kinetics and synaptic signaling (Lau and Zukin, 2007) . Although the specific biological and pharmacologic properties differ among each NMDAR subunit, it is well recognized that NMDARs play critical roles in excitatory synaptic transmissions underlying cognitive functions (Paoletti et al., 2013) .
Among the NMDAR subunits that have been strongly implicated in Pb neurotoxicity is NR2A, which is encoded by the gene GRIN2A (glutamate receptor, ionotropic, N-methyl-D-aspartate 2A), also termed GluN2A. Polymorphic variants in GRIN2A leading to altered NR2A expression are associated with mental retardation and behavioral anomalies (Endele et al., 2010) as well as with speech and language dysfunction in children (Lesca et al., 2013) . A functionally related gene, GRIN2B (GluN2B), which encodes the NMDAR subunit NR2B, has also been shown to be critical in learning and memory by regulating key aspects of synaptic plasticity in the developing human brain (Endele et al., 2010; Turic et al., 2004) . Inasmuch as adverse neurobehavioral effects of Pb exposure are postulated to be associated with altered NMDA receptor signaling (Alkondon et al., 1990; Guilarte et al., 1995; Neal et al., 2011; Wang et al., 2016) , we tested the hypothesis that variants of these genes that adversely affect NMDA receptor processing and/or functioning would increase susceptibility to the adverse effects of Pb exposure in children, particularly on tests of learning & memory and executive functions.
Methods

The study population
The present study included 330 subjects who participated as children in the Casa Pia Clinical Trial of Dental Amalgams in Children (DeRouen et al., 2002 (DeRouen et al., , 2006 conducted between 1997 and 2005. Participants in the clinical trial included 279 boys and 228 girls, aged 8-12 years at baseline, who were students of the Casa Pia school system in Lisbon, Portugal (Woods et al., 2014a) . All children were developmentally normal with no clinical evidence of preexisting psychological, behavioral, neurologic or immunosuppressive disorders at baseline, and were largely homogeneous with respect to socioeconomic status and geographic region. For the clinical trial, children were initially randomized to Hg amalgam (treatment) or composite resin (control) dental treatment groups. Subjects were evaluated at baseline and at 7 subsequent annual intervals following initiation of the study using an extensive battery of neurobehavioral assessments (Martins et al., 2005) . Tests were administered by native Portuguese psychometrists with advanced degrees in psychology and familiarity with standardized testing and research methods. Testing was overseen by a supervising psychometrist and a Ph.D. psychologist, both from the University of Washington with extensive experience in standardized testing of both adults and children in cross-cultural contexts. Follow-up data were obtained on a similar number of subjects in each treatment group. Retention throughout the 7-year course of the clinical trial was approximately 80%, with approximately 20% loss to follow-up largely due to relocation or selective withdrawal. Urine samples were collected from all subjects, irrespective of treatment, at baseline and at each subsequent annual interval through year 7 for assessment of Hg concentrations and other clinical parameters (DeRouen et al., 2006) . During the course of the clinical trial, it was demonstrated that the children included in this study had no significant exposure to methylHg from dietary fish consumption (Evens et al., 2001 ). Blood samples were also collected from all subjects at baseline for determination of blood lead (BPb) levels and other clinical parameters. A detailed description of the study design and methods, including factors measured over the course of the trial and how these factors were considered in constructing analytical models has been published (DeRouen et al., 2002) Following completion of the clinical trial in 2006, we undertook further studies to determine whether the variant status of specific candidate genes that are reported to adversely affect neurobehavioral processes and/or Hg toxicokinetics would modify the adverse effects of Hg on neurobehavioral functions in the children who had participated in the clinical trial. For those post-trial gene modification studies, we employed Hg urinary concentrations for all participants as a measure of Hg exposure, rather than using the assignment to Hg amalgam or composite treatment groups as in the clinical trial. This change allowed us to capture the effects of all Hg exposure irrespective of source. Detailed descriptions of these studies including methods employed, analytical outcomes and interpretations of findings are published (Woods et al., 2012 (Woods et al., , 2013 (Woods et al., , 2014a (Woods et al., , 2014b .
In the present study, we evaluated the same subjects who participated in the post-trial gene modification studies described above, but assessed potential modification of neurobehavioral effects of Pb, rather than Hg, by polymorphisms of genes known to adversely affect neurobehavioral functions in humans (Woods et al., 2014a) . The impetus for this assessment was the observation of mean blood lead levels in this population (Martin et al., 2007) , which, while very low (4.6 [2.4] μg/ dl), have been proposed by other investigators (e.g., Bellinger, 2008; Lanphear et al., 2005; Skerfving et al., 2015) to increase the risk of cognitive deficits in school age children. For these assessments, we conducted initial analyses to examine the possibility of significant genexPb interaction effects on all neurobehavioral tests previously evaluated in the dental amalgam clinical trial. These preliminary analyses revealed significant effect modification of Pb on neurobehavioral functions by genetic variants of GRIN2A/2B on tests of Learning & Memory and Executive Function. These specific interactions were, therefore, selected as the principal focus of the present study.
Neurobehavioral tests
A comprehensive neurobehavioral test battery was used in these analyses, including measures from the Rey Auditory Verbal Learning Test (RAVLT), subtests from the Wide Range Assessment of Visual Motor Abilities (WRAVMA), the Wechsler Adult Intelligence Scale-III (WAIS-III), the Wechsler Memory Scale for Adults-III (WMS-III), Standard Reaction Time (SRT), Finger tapping, Trailmaking A and B, the Wisconsin Card Sorting Tests (WCST), and the Stroop word, color and word-color tests. The validity and rationale underlying the selection and use of these tests in the clinical trial as well as the baseline neuropsychological performance of all subjects have been described (Martins et al., 2005; Townes et al., 2008) . Table 1 lists the neurobehavioral tests that were assessed in the present study and their test abbreviations referenced in subsequent tables. Tests are organized within the 5 behavioral domains (Attention, Learning & Memory, Executive Function, Visual Spatial Acuity and Motor Function) that were evaluated in the clinical trial (DeRouen et al., 2006) . All children were evaluated at baseline and at 7 subsequent annual intervals following initiation of the study. Adult versions of child equivalents of some tests were substituted beginning at Year 4 of the clinical trial, as indicated in Table 1 . Arrows following test name abbreviations depict whether the test score increases or decreases in magnitude with improved performance. Diminished or adversely affected performance associated with Pb exposure and/or gene variant status is described as occurring in the direction of impaired performance, whereas enhanced or beneficially affected performance associated with any of these variables is described as occurring in the direction of improved performance. The Comprehensive Test Of Nonverbal Intelligence (CTONI) (Portuguese translation) was given to each child at the beginning of the clinical trial to obtain a measure of intelligence quotient (IQ) at baseline (Hammill et al., 1997) . We adjusted for nonverbal IQ (CONTI) at baseline in the present study, because it is a nonverbal test developed to minimize the effects of language and culture on the measures of neurobehavioral ability evaluated here. Moreover, adjustment for nonverbal IQ will facilitate comparison of results from the present studies with those of others in which IQ is employed a primary outcome measure. Social and cultural issues associated with measurements and interpretation of IQ test results among children in cross-cultural contexts have been described (Townes et al., 2003) .
Selection of GRIN2A and GRIN2B Single Nucleotide Polymorphisms (SNPs)
We selected 2 variants of GRIN2A that have been postulated to adversely affect cognitive phenotypes of learning and memory in humans (Adams et al., 2004) . These include GRIN2A rs727605, which is characterized by a C > T transition in intron 5, and rs1070503, a C > T transition in intron 3. We selected two GRIN2B SNPs for evaluation based on observations of adverse effects on the same neurobehavioral phenotypes as those postulated for variants of GRIN2A (Ohtsuki et al., 2001) : rs7301328 (c.366 C > G), a C > G transverse substitution in exon 2 and rs1806201 (c.2664 C > T), an A > G transition substitution in exon 13. Each of these SNPs has been investigated in a variety of neurobehavioral and/or psychiatric disorders (Adams et al., 2004; Andreoli et al., 2014; Endele et al., 2010; Lesca et al., 2013; Schulz et al., 2012; D.L. Taylor et al., 2016; J.Y. Taylor et al., 2016) , as well as in response to Hg exposure in children (Woods et al., 2014a) . All were found to be in Hardy-Weinberg equilibrium. Procedures for genotyping assays performed on DNA in tissue samples acquired from study subjects, including quality control procedures employed, have been described (Woods et al., 2005) .
Blood lead collection and analysis
A sample of venous blood was acquired into a sterile vacuutainer tube from each child at baseline at the University of Lisbon School of Dental Medicine. Samples were collectively shipped in cold storage to the Laboratory of Clinical Chemistry at the University of Washington Medical Center for blood lead determination by flameless atomic absorption spectrometry (Fisher Scientific). Quality control measures included the continuous use of calibration verification standards of 0,1,2,10,20 and 40 μg/dl derived from Pb standard reference material acquired from the National Institute of Standards and Technology, NIST SMR #3128, and use of control blood samples acquired from the Puget Sound Blood Center, currently BloodWorks Northwest, adjusted to 1, 5, 10 and 20 μg/dl, respectively, with Pb standards. Blood lead values were calculated as the average of duplicate analyses of each sample. The detection limit was 1 μg/dl. Duplicate analyses of individual samples that differed by more than 10% were reanalyzed. The coefficient of variation (CV) for sample duplicates was 0.0673 (6.73%) in the blood lead concentration range of 1.0-15.0 μg/dl. Repeat analyses of control samples and other procedures were performed weekly to ensure high consistency and accuracy of blood lead concentration assessments.
Rationale for using baseline blood lead
Baseline blood lead concentrations (BPb) were employed as the measure of Pb exposure for this study as the most widely recognized and generally accepted measure of absorbed dose and predictor of longterm effects (WHO, 2001; Warrington et al., 2015) . We acknowledge in this respect potential sources of exposure misclassification associated with use of BPb as a surrogate measure of brain lead levels (Bellinger, 2007) , but note, however, the relative homogeneity of the study population with regard to socioeconomic status, and exposure and assessment settings as factors mitigating this concern. We note further considerable literature supporting the view that Pb exposure in early childhood is associated with neurobehavioral deficits that persist well into adulthood, even in the absence of continued Pb exposure (Mazumdar et al., 2011; Miranda et al., 2007; Reuben et al., 2017; Skerfving et al., 2015; Warrington et al., 2015) . Hence, we view baseline BPb as a suitable measure of Pb exposure over the 7-year course of the present study, even if continuous Pb exposure were not assumed. Further consideration of this issue is presented the Discussion (below).
Study design
We examined whether genotype status of GRIN2A and GRIN2B variants affected the dose-response relationship between baseline blood lead (lnBPb) concentration and tests of neurobehavioral functions among children who had been evaluated annually from baseline through 7 years of the clinical trial. Because of the wide range in ages of subjects at the beginning of the trial (8-12 years), and the duration of the study (which included passage through puberty and adolescence for most subjects), we evaluated potential genetic modification of Pb effects on neurobehavioral functions at 2 time points of the clinical trial that we considered most pertinent to Pb neurotoxicity: (1) at 2 years after baseline, when most subjects were between puberty and adolescence, with boys aged 12.20(0.84) and girls aged 12.16(0.95) years (SD); and (2) at 7 years after baseline, when most subjects were between adolescence and young adulthood, with boys aged 17.14(0.86) and girls aged 17.08(1.02) years (SD). We define these assessment times as Year 2 and Year 7 respectively. These time points correspond to those assessed in the previously described Hg genotyping studies (Woods et al., 2012 (Woods et al., , 2013 (Woods et al., , 2014a (Woods et al., , 2014b .
Statistical analyses
The effect of GRIN2A and GRIN2B variants on the dose-response Table 1 Neurobehavioral tests assessed by domain and clinical trial years employed.
Arrows depict direction of improved performance. association between Pb exposure and neurobehavioral performance was the principal focus of this study. Thus, our analytical protocol focused on gene-Pb interactions (genexPb), in which we independently evaluated the impact of genotype status of each genetic variant individually and in combination on performance of each behavioral test. A nested domain Bayesian mixed-model was used to model all outcomes simultaneously (Lam et al., 2013) . Such models utilise partial pooling (or shrinkage) of outcome estimates from within a cognitive domain toward each thus reducing the risk of errors of size or magnitude (Gelman et al., 2012) . Objective Bayesian (or weakly informative) priors were chosen for model parameters with the same specifications as recently described by Lam et al. (2013) . Outcome scores which improved with a smaller score were inverted, this ensured that all model coefficients could be interpreted in the same direction (Lam. et al., 2013) . Models were estimated across 4 Markov Chain Monte Carlo (MCMC) chains with 1000 iterations for adaption and 35,000 burn-in iterations, after which 25,000 samples thinned every 5 steps to give 5000 samples were saved. Model convergence was assessed via examining plots of posterior samples, and via the Potential Scale Reduction Factor (PSRF). Goodness of fit was compared between models using the Deviance Information Criterion (DIC) and a further 5000 posterior samples were taken to calculate the DIC. First, we specified a base model for all outcomes excluding any genetic variants. Age at study entry, race, and nonverbal IQ (CONTI) (niq) determined at baseline were included as fixed effects. These covariates were selected because of their potential to bias neurobehavioral test performance in relation to Pb exposure (Bellinger, 2007; Krieg et al., 2001) and because data pertinent to these specific variables were available from the clinical trial from which subjects in the present study were acquired (Martins et al., 2005; Townes et al., 2003) . Adjustment for nonverbal IQ at baseline was also made to minimize the effects of language and culture on the measures of neurobehavioral ability evaluate here (Hammill et al., 1997) . Other factors potentially affecting behavioral test performance in relation to Pb exposure, including home environment, parent's socioeconomic status, or medical histories, were comparable among essentially all subjects (DeRouen et al., 2002; Martin et al., 2007) and were, therefore, not included as covariates. Hg exposure was included as a main effect in the present analyses as it has been previously shown only minimal interaction with GRIN2A and 2B variants to affect neurobehavioral performance outcomes in children (Woods et al., 2014a) . After construction of the base model, exploratory models were constructed for each genetic variant in turn. Models were specified including an interaction term between Pb, the genetic variant, and sex. In all cases, major genotype status was defined as the homozygous dominant for the major alleles, and minor genotype status was defined as heterozygous plus homozygous recessive for the minor alleles. Statistical analyses were performed using R software ® for statistical computing (version 3.2.4) and the "runjags"
package (Denwood, 2016) to implement MCMC models in the JAGS program for analysis of Bayesian graphical models using Gibbs sampling (Plummer, 2003) .
Human subjects considerations
All parents or guardians of children who participated in the clinical trial gave written consent, and all children provided signed assent, for the treatments and assessments made during the course of the trial, including collection of blood samples. Written consent was also obtained from all participants who provided buccal cell samples for genotyping subsequent to completion of the clinical trial. The study protocols for both the clinical trial and the present genotyping study were approved by the institutional review boards at the University of Lisbon and the University of Washington.
Results
The study cohort consisted of 330 children (163 boys and 167 girls) for whom gene variant status was available from among 507 total subjects enrolled at the start of the clinical trial. Table 2 presents the characteristics of the study cohort at Baseline (Entry) and at Year 2 and Year 7 of the study as well as mean values for baseline BPb and natural log calculations. 74.2% of boys and 71.3% of girls were Caucasian at 6% (10) 6% (9) 5% (6) 5% (8) 5% (7) 5% (6) MAF: Minor Allelic Frequency. Environmental Research 165 (2018) 1-10 Entry, the remaining being Black (of African heritage). The frequencies of subjects with major and minor genotypes as well as minor allelic frequencies (MAFs) for the genes evaluated are also presented. BPb for all subjects ranged from 1.0 to 15.0 μg/dl at baseline and were presumed to be continuous from common environmental exposure sources throughout the course of the study (discussed in Strengths and Limitations, below). Of note, only 5 of 123 boys (4.1%) and 2 of 119 girls (1.7%) exceeded 10 μg/dl; these were included in the present analyses for cohort continuity. Regression coefficients for the base model at Year 7 are reported in full in the Supplementary data. In brief, age and non-verbal IQ at entry were associated with improved outcomes across most outcomes of neurobehavioral function per year of age (except atrlasec, srtmean and atrlbsec) and per point of non-verbal IQ (except atrlasec, ravlt1, ravlt6 and atrlbsec) at entry. For Hg there were no outcomes with increased urinary Hg/Cr for just two outcomes, strpcwd1test of Attention and wcscorr test of Executive Function. In the base model there were several impaired outcomes with increased BPb in boys in the learning and memory domain (ravlt1,5,7,8, ravlttot, virede) , executive function (wcscatcp, wcscorr), srtmean in the visual-spatial domain, and attention (strpcwd1). For girls, these effects were seen only in srtmean and the motor domain (ftapdom and ftapndom).
3.1. Effects of GRIN2A genotypes on the association between Pb exposure and neurobehavioral functions 3.1.1. GRIN2A rs727605
Among subjects at Year 2 of the clinical trial, no genexPb interaction effects that excluded the null at 95% credible interval were found among boys carrying either the major (CC) or minor (CT/TT) genotype for rs727605. Among Year 2 girls, the srtmean test of Visual Spatial acuity was sufficiently negatively associated with Pb exposure to exclude the null at the 95% credible interval among girls genotyped as homozygous dominant (CC or "wildtype") for GRIN2A rs727605. However, no negative effects of Pb were observed among Year 2 girls carrying the minor (CT/TT) genotype for rs727605.
In contrast, among Year 7 subjects, numerous significant genexPb interactions, specifically within the domain of Learning & Memory, were observed among boys. As shown in Table 3 , all outcomes within the domain of Learning and Memory as well as the srtmean test of Visual-Spatial acuity were impaired in relation to Pb exposure among Year 7 boys carrying the minor allele for GRIN2A rs727605. Outcomes in the domain of Executive Function also showed negative associations among Year 7 boys carrying the minor allele for GRIN2A rs727605, although the credible intervals for these coefficients included the null.
Among similarly genotyped Year 7 girls (Table 3) , only the srtmean test of Visual Spatial acuity was sufficiently strongly negatively associated with Pb exposure to exclude the null at the 95% credible intervals; however, all coefficients were negative.
GRIN2A rs1070503
Among subjects at Year 2 of the clinical trial, no genexPb interaction effects that excluded the null at 95% credible interval were found among boys. Among Year 2 girls, two tests of Motor Function, ftapdom and ftapndom, were negatively associated with Pb exposure among those genotyped as homozygous dominant (CC) for GRIN2A rs1070503.
Among Year 7 subjects, in contrast, multiple strong genexPb interactions were seen in boys with the minor allele for rs1070503. These include substantial dose-response effects of Pb again predominantly on tests of Learning & Memory (Table 3) , as well as in the WCST categories completed (wcscatcp) and number correct (wcscorr) tests of Executive Function. Year 7 girls genotyped as CT or TT for GRIN2A rs1070503 showed negative genexPb effects on the srtmean test of Visual-Spatial acuity and on the WCST categories completed (wcscatcp) test of Executive Function. Estimates in the Learning and Memory domain were also negative for Year 7 girls, but were inclusive of zero within the 95% credible interval range in all cases.
Combined effects of GRIN2A rs727605 and rs1070503
Among Year 7 boys genotyped as CT or TT for both GRIN2A variants (Table 5 ), all tests of Learning & Memory were impaired at 95% credible intervals in relation to Pb exposure. Among Year 7 girls carrying the minor allele for both GRIN2A variants, only the srtmean test of Visual Spatial acuity was substantially impaired, comparable to findings observed among girls carrying the minor genotype of either GRIN2A SNP alone (Table 3 ). In contrast, no adverse effects of Pb were observed among Year 7 subjects genotyped as homozygous dominant (CC) for either GRIN2A SNP when considered individually or in combination.
GRIN2B
GRIN2B rs7301328
Similar to findings of multiple significant genexPb interactions on tests on Learning & Memory and Executive Function among subjects with GRIN2A variants shown above we observed substantial adverse effects of Pb exposure on tests neurobehavioral performance at both Year 2 and Year 7 among subjects carrying the minor allele (CG/GG) of GRIN2B rs7301328.
Among Year 2 subjects, no Pb effects excluding the null at the 95% 
GRIN2B rs1806201
Several genexPb interactions were found among boys or girls at Year 2 of the study. Adverse effects of Pb that excluded the null at the 95% credible interval included ftapdom and ftapndom, both tests of Motor Function, were observed among girls carrying the homozygous dominant (CC, wildtype) genotype for GRIN2B rs1806201. Among boys at Year 2, 3 tests of Learning & Memory, Ravlt Trs 5, 7 and 8, were significantly impaired by Pb exposure among those carrying the minor allele of GRIN2B rs1806201.
Additionally, as shown in Table 4 , all tests of Learning & Memory as well as the wcscatp and wescorr tests of Executive Function were significantly impaired by Pb exposure among boys carrying the minor allele of GRIN2B rs1806201 at Year 7 of the study. Among similarly genotyped Year 7 girls, the srtmean test of Visual Spatial acuity was the only test for which adverse Pb effects excluded the 95% credible interval.
Combined effects of GRIN2B rs1806201 and rs7301238
Similar to findings noted with combined effects of GRIN2A variants (3.1.3 above), all tests of Learning & Memory (except Ravlt Tr6) as well as the wcscatcp and wcscorr tests of Executive Function were significantly impaired in relation to Pb exposure among Year 7 boys genotyped as carrying the minor alleles for both GRIN2B variants (Table 5) . Among similarly genotyped Year 7 girls, the srtmean test of Visual Spatial acuity, the Ravlt Tr5 test of Learning & Memory, and the wcscatcp test of Executive Function were significantly impaired.
Summary of findings
The minor genotypes of GRIN2A rs727605 and rs1070503, individually and together, substantially modified the effects of Pb exposure on neurobehavioral test performance within the domains of Learning & Memory and Executive Function predominantly among boys in Year 7 of the study. Similar findings were observed among Year 7 boys carrying the minor genotypes of GRIN2B rs1806201 and rs7301238. All genexPb effects manifested as impaired performance among subjects carrying the minor alleles of all of the polymorphisms evaluated. After inclusion of genetic polymorphisms of GRIN2A and GRIN2B main effects of Pb were largely absent (Supplementary Data). The strength and number of significant associations between performance and Pb exposure increased with age and duration of Pb exposure, particularly among boys. The DIC's for all models were very similar indicating that no model is clearly superior to others (Supplementary Data) -likely due to the small magnitude effects of Pb exposure relative to the larger effects of age and non-verbal IQ at entry.
Discussion
Numerous studies have demonstrated a component of genetic susceptibility to neurobehavioral disorders associated with Pb exposure (Eum et al., 2013; Krieg et al., 2010; Schneider et al., 2014; Sobin et al., 2015; D.L. Taylor et al., 2016; J.Y. Taylor et al., 2016; Wagner et al., 2016; Wang et al., 2007; Warrington et al., 2015; Whitfield et al., 2007; Wu et al., 2016) . The present studies are the first to our knowledge to describe modification of neurobehavioral effects of low-level Pb exposure in children by genetic variants that are known to be associated with multiple adverse cognitive phenotypes, particularly of learning and memory, in humans. These observations are consistent with the established effect of Pb as a potent antagonist of NMDA receptor expression and functions underlying development and maintenance of learning & memory as well as executive and motor functions (Alkondon et al., 1990; Guilarte et al., 1995; Neal et al., 2011; Wang et al., 2016) . The present findings identify specific variants of GRIN2A and GRIN2B that exacerbate deficits in learning and memory as well as in executive function through modification of Pb effects on these processes in children.
Mechanisms underlying the modification of Pb effects by GRIN2A/ 2B variants evaluated here remain to be determined, inasmuch as little is yet known about the specific architectural, biochemical or pharmacological properties of these individual variant NMDA receptors. One possibility is that the protein structure of the variant NR2A/2B receptor subunits differ from non-variant receptors in binding site affinities for Zn 2+ ions, which act as highly specific endogenous antagonists, providing a competitive advantage to Pb 2+ for binding and, hence, inhibition of receptor functions at concentrations (≤ 1 μM) likely to be attained in vivo (Neal et al., 2011) . Alternatively, sequence variation at the intron or other non-coding regions may alter post-transcriptional control mechanisms affecting regulation of mRNA stability, translation and sub-cellular localization of specific proteins (Hesketh, 2004) . Since Data are presented as Betas, their 95% credible intervals (Cred. Int.). Values in bold exclude the null effect at the 95% credible interval. Note that each GRIN2B polymorphism is modelled independently.
binding of heavy metals varies depending on the molecular structures and sub-cellular localization of specific proteins, disruption of the posttranscriptional control mechanisms for NMDA receptor synthesis, stability or distribution could lead to alterations in Pb binding and/or tissue levels, subsequently influencing Pb neurotoxicity as observed in the present investigation. Further studies pertinent to the mechanisms underlying the modification of Pb on neurobehavioral functions by the variants of GRIN2A and GRIN2B evaluated here are required for more complete understanding of these effects. Most notable of the adverse effects of Pb observed among subjects carrying the minor alleles of either GRIN2A or GRIN2B are significant deficits on most tests within the domain of Learning and Memory evaluated in these studies. These include sub-tests of the Ravlt series, nearly all of which were significantly impaired among boys carrying the minor allele for these variants, particularly among the older Year 7 subjects. The Ravlts evaluate a wide range of functions associated with short-term auditory and verbal memory, learning, and retention and retrieval of information. Impaired performance reflects deficits in any or all of these functions. Similar findings were observed for WMS-III vireim and virede, which are measures of immediate and delayed working memory, respectively. Also of note, 2 tests of Executive Function, WCST categories completed (wcscatcp) and WCST number correct (wcscorr), which measure ability to adapt to changing rules, were significantly impaired in relation to Pb exposure among Year 7 boys carrying the minor alleles for both GRIN2A rs1070503 and GRIN2B rs1806201 variants, as well as for boys carrying the minor alleles for both GRIN2B SNPs. In contrast, essentially no modification of Pb effects on any test of neurobehavioral function was observed among boys genotyped as homozygous dominant (CC) for either or both GRIN2A/2B SNPs. These observations support the view that genetic variants that modify either NR2A or NR2B glutamate receptor functioning and/or expression increase susceptibility to the adverse effects of Pb on a wide range of cognitive processes associated principally with learning and memory and, moreover, particularly among boys. Of note, neither the GRIN2A nor the GRIN2B SNPs evaluated here are known to be in linkage disequilibrium (LD) (Adams et al., 2004; Ohtsuki et al., 2001) , supporting the view that modification of Pb effects on neurobehavioral functions by each GRIN2A or 2B SNP is independently mediated, consistent with the more inclusive effects of Pb on tests of Learning & Memory and Executive Function observed among subjects carrying minor alleles of both GRIN2A or both GRIN2B variants. Further studies are required to fully delineate these processes and, in particular, to quantify the magnitude and distribution of increased susceptibility to Pb effects imposed in relation to GRIN2A gene modifications as pertains to human populations.
Also of note from the present studies are findings of substantially more robust modification of Pb effects on tests of Learning & Memory and Executive Function by variants of GRIN2A and 2B among boys at Year 7 than were seen at Year 2 of the clinical trial. These findings are consistent with those of other epidemiologic studies (Lanphear et al., 2005; Mazumdar et al., 2011; Miranda et al., 2007; Skerfving et al., 2015; Wang et al., 2016) demonstrating a strong correlation between Pb exposure in early childhood and deficits in cognitive functions, particularly learning and memory, that extend well into adulthood, even in the absence of continuous Pb exposure. These delayed effects are hypothesized to be attributable to inhibition by Pb of NMDARmediated synaptic plasticity that underlies the development of neuronal processes associated with learning & memory and other cognitive functions in hippocampal neurons, even at very low levels of exposure. The findings here of more pronounced effects of Pb exposure at Year 7 versus at Year 2 are consistent with this protracted consequence of early Pb exposure, and, moreover, support the view that subunits of both NR2A and NR2B receptors that are encoded by genetic variants of GRIN2A or GRIN2B exacerbate these effects.
Notable also are findings of distinct differences between boys and girls in the effects of Pb exposure and the GRIN2A/2B variants on neurobehavioral test performance evaluated in this study, in which genexPb effects were seen to be substantially more prominent among boys than girls in terms of both numbers of neurobehavioral domains as well as tests within such domains affected. In this respect, boys carrying one or both minor alleles of either GRIN2A or GRIN2B demonstrated significant impairment of most tests of Learning and Memory as well as of Executive Function in relation to Pb exposure, whereas girls of similar age and genotype demonstrated relatively few if any effects of Pb on these domains of neurobehavioral function. These findings are consistent with previous observations of sex-related differences in neurobehavioral responses to numerous drugs and environmental chemicals including Pb (Gochfeld, 2007; Schneider et al., 2016; Vahter et al., 2007; Valentino et al., 2012; Woods et al., 2014a; Wu et al., 2017) and support the view that genetic predisposition is a significant factor in defining sex differences in susceptibility to the adverse neurobehavioral effects of Pb, particularly in children. In this regard, genetic and hormonal differences affecting brain development, morphology and function between boys and girls may potentially underlie the sex differences seen in response to genotype and Pb exposure on neurobehavioral functions (Goel et al., 2014; Schneider et al., 2016) . Epigenetic factors that differentially affect the timing, duration and/or magnitude of gene expression are also likely to contribute to the sex differences in susceptibility to Pb-induced neurobehavioral deficits observed (Chung and Auger, 2013; Jirtle and Skinner, 2007 ; Schneider Wu et al., 2017) . Further studies are required to fully define the specific factors underlying the differential sex responses observed. The present findings have potentially important implications for the assessment, prediction and management of risks of neurobehavioral dysfunction associated with low-level Pb exposure, particularly among children. Foremost is the observation that the minor allelic frequencies (MAFs) of the SNPs of both GRIN2A and GRIN2B evaluated in the present study cohort are in the range of 16-37% (Table 2) , implying a relatively high prevalence of increased susceptibility to deficits in learning & memory as well as other neurobehavioral functions in response to Pb exposure particularly among boys carrying minor alleles for either SNP. Inasmuch as the present study population was largely of European (Caucasian) ancestry, the findings of susceptibility to Pb toxicity observed here should be predictably similar among all populations of comparable descent, as noted by other investigators (Adams et al., 2004) . We note particularly in reference to the SNPs evaluated here that the present findings demonstrate genetic modification of neurobehavioral test results in relation to Pb exposure, but not specifically by Pb alone. Such findings point to the importance of genetic variation both as an etiologic factor underlying susceptibility to Pb toxicity as well as for assessment, prediction and management of Pb risk. Further studies in larger Caucasian cohorts as well as in populations of different genetic background are encouraged to confirm the present findings and to more precisely define the relative contribution of genetic variability to assessment of population health risks associated with Pb exposure.
Finally, we emphasize that the substantial modification of Pb effects on neurobehavioral functions by genetic variants of GRIN2A and GRIN2B observed here stands in contrast to previous findings of no or very limited modification of Hg effects on the same functions by the same variants in the same subjects (Woods et al., 2014) . In this respect, inclusion of Hg as a covariate in the statistical models used here did not alter the extent of modification of Pb effects by GRIN2A/2B variants observed without Hg in the model. These findings suggest that Pb and Hg act via independent mechanisms to individually affect the neurobehavioral processes evaluated. Additionally, these observations support the view (Neal et al., 2011; Wang et al., 2016 ) that Pb acts with high specificity by impairing NR2A/2B NMDA receptor-mediated processes underlying the development and maintenance of cognitive functions (Woods et al., 2014a) , and imply, moreover, that genetic variants of GRIN2A and GRIN2B significantly exacerbate these effects.
Strengths and Limitations. A pertinent limitation of the present study is the relatively small population in which we sought to evaluate potential modification of effects of low-level Pb exposure on neurobehavioral test performance by GRIN2A/2B variants. Despite this limitation, subject participation and retention (~80%) throughout the period of the clinical trial were sufficient to demonstrate significant modification of Pb effects on multiple tests of Learning and Memory and Executive Function particularly among boys carrying either or both variants of either GRIN2A or GRIN2B, supporting the likelihood of a potential genetic basis underlying differences in susceptibility to Pb neurotoxicity. We note, however, the importance of interpreting these findings with caution until confirmed in larger and more heterogeneous populations.
Another limitation associated with the relatively small population size was our inability to concomitantly evaluate effects of other genetic variants that might significantly modify the genexPb outcomes evaluated here. Of particular note in this respect is δ-aminolevulinic acid dehydratase (ALAD), the ALAD 2 variant (rs1800435) of which has been demonstrated to have a neuroprotective effect on low-level Pbexposure in children (Sobin et al., 2015) , owing possibly to increased sequestration of Pb in red blood cells (Wetmur et al., 1991) . Given that only 10-15% of our subjects are likely to carry the ALAD 2 genotype (Kelada et al., 2001) , it is highly unlikely that including ALAD as an additional covariate, therefore, would have improved the assessment of modification of Pb effects by GRIN2A/2B on neurobehavioral processes, our principal goal in the present study. We emphasize, however, that stratification on genotypes of ALAD or other genes reported to modify the neurotoxic effects of Pb (Cantonwine et al., 2010; Engstrom et al., 2007; Krieg et al., 2010; Wagner et al., 2016; Whitfield et al., 2007; Wang et al., 2007) should be considered for evaluation in future studies assessing Pb effects on cognitive functions in larger human populations.
Another limitation of the present study was the availability of baseline blood Pb levels as our sole measure of Pb exposure. We note in this regard that, whereas multiple measures over the course of the study may have been preferable in the context of the longitudinal assessments undertaken, the baseline BPb employed is likely to have remained a relatively constant indicator of Pb exposure throughout the 7-year course of the study, in light of the highly stable home and school environments of essentially all study subjects, and the relative lack of significant sources of environmental Pb exposure throughout the study period. In this respect, schools were found to have no Pb-based paints or measurable Pb from water sources, nor were there any structural or other changes made in any of the schools within the system during the study period that could have affected Pb exposure. In terms of potential chronic exposure sources outside the school or home environments, the city of Lisbon itself has no significant industrial activity, although some Pb exposure could still have occurred from burning of Pb-containing gasoline, which was largely but not entirely eliminated at the time of the study. Other possible sources of Pb exposure were dust and/or soil from schoolyards, parks or other recreational areas that had potentially bioaccessible Pb from motor vehicle emissions. Exposures from these sources, however, were not viewed as posing a health risk for children, even among those who were frequent users of these areas (Reis et al., 2014) . Finally, even if Pb exposure were not consistent over the course of the study, prevailing literature supports the view that Pb exposure during early childhood is predictive of long-term health effects even long after exposure has ended (Mazumdar et al., 2011; Miranda et al., 2007; Skerfving et al., 2015; Warrington et al., 2015) . In view of these considerations, we find no compelling reasons to assume changes in Pb exposure over the course of the study. We, therefore, view baseline BPb as an appropriate surrogate measure for the assessment of the potential effects of Pb exposure at the times (Years 2 and 7 from baseline) at which neurobehavioral effects were evaluated in this study.
In conclusion, the present findings describe modification of lowlevel Pb effects on multiple neurobehavioral functions by common variants of genes encoding N-methyl-D-aspartate receptor subunits NR2A and NR2B in children. These findings are consistent with mechanistic hypotheses underlying the long-term neurotoxicity associated with low-level Pb exposure in childhood and underscore the increasing recognition of genetic variability in modifying susceptibility to these effects. These findings may have important implications for future research and regulatory strategies aimed mitigating the social, economic and public health consequences associated with low-level environmental Pb exposure, particularly in children.
